Sepsis is a severe inflammatory condition associated with high mortality. Transmigration of neutrophils into tissues increases their lifespan to promote deleterious function. Junctional adhesion molecule-C (JAM-C) plays a pivotal role in neutrophil transmigration into tissues. We aim to study the role of JAM-C on the aging of neutrophils to cause sepsis-induced acute lung injury (ALI). 
INTRODUCTION
Sepsis, a life-threatening organ dysfunction caused by a dysregulated host response to infection, 1 remains a considerable challenge to critical care medicine. According to the new clinical criteria of sepsis as represented by an increase in the Sequential Organ Failure Assessment score of 2 points or more, in-hospital mortality rate of sepsis Neutrophil infiltration in the lungs is a pathological hallmark of sepsis-induced acute lung injury (ALI), or acute respiratory distress syndrome (ARDS). 6 Therefore, controlling neutrophil recruitment and activation is considered to be one of the main therapeutic strategies to treat ALI in sepsis. 7 Neutrophils are produced in the bone marrow and released into the circulation as the first responders of the innate immune system during acute inflammatory conditions. 8 After the sequential processes between the circulatory neutrophils and the vascular endothelium represented by capture, rolling, adhesion, crawling, and transmigration, 9 they infiltrate into the inflamed tissues and eliminate invading pathogens by releasing proteolytic enzymes such as myeloperoxidase and reactive oxygen species, forming neutrophil extracellular traps (NETs) and promoting phagocytosis. 7, 10, 11 However, overwhelming migration and exaggerated function of activated neutrophils in the inflamed tissues not only kill the bacteria but also cause surrounding tissue injury and unrestrained inflammation, resulting in organ dysfunction and death. 12, 13 Thus, regulating the function of neutrophils and their uncontrolled infiltration into tissues could serve as an effective therapeutic tool during sepsis.
Under steady-state conditions, the heterogeneity of neutrophils arises from their ageing and replenishment by naïve bone marrowderived neutrophils (BMDN). A growing body of literature is demonstrating the phenotype of aged neutrophils, which express CXCR4 at a high level on their cell surface compared to freshly isolated neutrophils. [14] [15] [16] [17] The chemokine receptor CXCR4 expressed on the surface of aged neutrophils helps their clearance in the bone marrow. 16, 17 Recently, the CXCR4 + neutrophils are shown as a proinflammatory phenotype of neutrophils while in circulation. 15 CXCR4 + aged neutrophils represent an excessively active subset exhibiting enhanced M 2 -integrin activation and NET formation under inflammatory conditions. 15 The NET forming neutrophils were previously shown to be deleterious in sepsis, 18 thus suggesting that CXCR4 + neutrophils could be detrimental in sepsis as CXCR4 + neutrophils form excessive NET. 15 Zhang et al. have also shown that the neutrophil ageing is driven by the microbiota via TLR and MyD88-mediated signaling pathways. 15 Depletion of the microbiota significantly reduced the number of circulating aged neutrophils and dramatically improved the pathogenesis and inflammation-related organ damage in endotoxin-induced septic shock. 15 Therefore, the above literature clearly suggest that (i) CXCR4 + neutrophils are named "aged" neutrophils, (ii) sepsis can increase the contents of CXCR4 expressing aged neutrophils, and (iii) CXCR4 + neutrophils display proinflammatory roles in sepsis.
Junctional adhesion molecule-C (JAM-C) is a glycoprotein that belongs to the immunoglobulin superfamily with 2 extracellular immunoglobulin-like domains, 1 transmembrane segment, and a short cytoplasmic tail. 19 JAM-C is expressed in a wide variety of cells including endothelial cells, fibroblasts, intestinal epithelial cells, and smooth muscle cells. 20 JAM-C promotes neutrophil transendothelial migration (TEM) from circulation to the inflamed tissues by binding to its receptor integrin M 2 (Mac-1). 21 By contrast, the cleavage of endothelial JAM-C promotes neutrophils to facilitate their migration from tissues into the circulation through a mechanism called reverse TEM. 22, 23 While much attention was paid to the function of JAM-C on neutrophil chemotaxis, no description of JAM-C on neutrophil aging was given previously. Since several reports demonstrate that the apoptosis of neutrophils is inhibited as they travel through the transendothelial axis, 24, 25 it is interesting to reveal that JAM-C not only regulates neutrophil chemotaxis but also prolongs their survival by promoting anti-apoptotic function.
In this study, we aimed to investigate the role of JAM-C on the aging of neutrophils during sepsis. We hypothesized that JAM-C could prolong the survival of neutrophils through the inhibition of apoptosis, thus increasing the pro-inflammatory aged population of neutrophils during sepsis. We also aimed to assess the therapeutic potential of the blockade of JAM-C by administrating its neutralizing Ab to ameliorate inflammation and injury to the lungs during sepsis.
MATERIALS AND METHODS

Animal model of sepsis and administration of anti-JAM-C Ab
Eight-week-old male C57BL/6J mice purchased from Taconic (Albany, NY) were housed in a temperature-controlled room on a 12 h light/dark cycle and fed a standard laboratory diet. Experimental sepsis was induced in mice using cecal ligation and puncture (CLP) method. Briefly, mice were anesthetized by isoflurane inhalation, and the abdomen was shaved and wiped with 10% povidone iodine. A 1-cm abdominal incision was performed to expose the cecum. The cecum was tightly ligated with a 4-0 silk suture 1.5 cm away from the tip and the puncture was made in one pass through and through both sides of the bowel wall with a 22-gauge needle to eject a small amount of feces from the perforation sites by gentle squeezing. The cecum was returned to the abdominal cavity and the laparotomy site was closed with a 4-0 silk suture in 2 layers. In sham-operated animals laparotomy was performed, but the cecum was neither ligated nor punctured. Animals were resuscitated with 1 ml of normal saline subcutaneously. At 4 h after operation, mice were anesthetized again and a small incision on the neck was performed to expose the internal jugular vein. Affinity purified polyclonal anti-mouse JAM-C Ab (anti-JAM-C Ab, R&D Systems, Minneapolis, MN, catalog no. AF-1213) at a dose of 3 mg/kg body weight (BW) in 100 l volumes was delivered by bolus injection through the jugular vein to serve as the treatment group. In the same way, normal goat IgG control (R&D Systems, catalog no. AB-108-C) at a dose of 3 mg/kg in 100 l volumes was injected in septic animals to serve as the nonimmunized IgG control group. The anti-JAM-C Ab used in our study is a neutralizing Ab because it efficiently blocks JAM-C interaction with its ligand JAM-B (R&D Systems, catalog no. AF-1213). We chose the dose (3 mg/kg BW) of anti-JAM-C Ab or isotype IgG control to inject mice intravenously based on previous studies on murine models of acute inflammatory diseases. 20, 26 The proximal and distal ends of the injected jugular vein were tightly ligated 
Isolation of neutrophils from bone marrow and blood
To isolate BMDN, mice were euthanized and femurs from both hind legs were removed. The distal tip of each edge was cut off and bone 
Detection of neutrophil apoptosis by flow cytometry
Flow cytometric analysis of CXCR4 expression on neutrophils
Lung tissues were minced and digested in complete RPMI medium containing 100 U/ml Collagenase type 1 (Worthington Biochemical, All stained cells were subjected to flow cytometric analysis and analyzed as previously described. Fc-receptor blockers were used for all the samples. 
Western blot analysis
Quantitative real-time RT-PCR analysis
Total RNA was extracted from lung tissues using TRIzol (Invitrogen, Carlsbad, CA) and was reverse-transcribed into cDNA using reverse 
Measurement of organ injury markers
Plasma levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) were measured using commercial assay kits (Pointe Scientific, Lincoln Park, MI) according to the manufacturer's instructions.
Measurement of pro-inflammatory cytokines and chemokine
Pro-inflammatory cytokines IL-6 and IL-1 in plasma and lung tissues were quantified using the mouse ELISA kits (BD Biosciences, Franklin
Lakes, NJ). Macrophage inflammatory protein (MIP)-2 in plasma and lung tissues was measured using the mouse ELISA kit (R&D Systems).
Histological examination
The lung tissue was fixed in 10% formalin and then embedded in paraffin. Later, the tissue blocks were cut into 5-m sections, placed onto glass slides and stained with hematoxylin-eosin (H&E), dehydrated, and mounted. Morphologic examinations in these tissues were evaluated by light microscopy in a blinded fashion. The lung injury score system was adapted from Matute-Bello et al., which represented an overall score of between 0 and 1. 28 To examine the extent of lung injury we evaluated its 5 pathological features, these were (i) neutrophils in the alveolar space, (ii) neutrophils in the interstitial space, (iii) hyaline membranes, (iv) proteinaceous debris filling the airspaces, and (v) alveolar septal thickening. The severity of each of these pathological features was evaluated by a score indicating 0 as absent or none, 1 as mild, and 2 as moderate to severe injury. We acquired histological images of each slide from at least 10 random areas/fields at an original magnification ×200. The final injury score was derived from the following calcula-
For neutrophil staining, the 10% formalin-fixed, paraffin-embedded lung tissues were dewaxed in xylene and rehydrated in a graded series of ethanol. The slides were heated in 0.92% citric acid buffer (Vector, Burlingame, CA) at 95 • C for 30 min. After cooling to room temperature, the slides were incubated with 2% H 2 O 2 in 60% methanol and blocked in 2% normal rabbit serum/Tris-buffered saline. Anti-Gr-1 Ab (BioLegend) was then applied and incubated overnight. Vectastain ABC reagent and DAB kit (Vector) were used to detect the immunohistochemical reaction. Slides were counterstained with 4 ′ , 6-diamidino-2-phenylindole and examined under a phase contrast light microscope (Eclipse Ti-S; Nikon, Melville, NY). Gr-1-positive staining cells were counted in 20 visual fields per section at ×400 magnification, and averaged number was calculated.
Statistical analysis
Data are expressed as mean ± SEM and analyzed using Sigma Plot12.5
graphing and statistical analysis software (Systat Software Inc., San
Jose, CA). Multiple groups were compared by one-way analysis of variance (ANOVA) using the Student-Newman-Keuls' (SNK) test. Student's t-test was used for 2-group analysis. The normality test was assessed using Shapiro-Wilk test, and the samples that passed the normality test were analyzed for statistical significance. Differences in values were considered significant if P < 0.05.
RESULTS
Treatment with rmJAM-C attenuates neutrophil apoptosis in vitro via Mac-1 receptor
Soluble JAM-C exists in circulation because of the cleavage of endothelial JAM-C by a disintegrin and metalloprotease-10 (ADAM10), ADAM17 and neutrophil elastases. 23 Soluble JAM-C levels in the serum were increased by 65.2 and 107% at 5 and 20 h after CLP operation, respectively, as compared to sham-operated mice (Fig. 1A) .
According to Fig. 1B , we found that the freshly isolated neutrophils Fig. 2A, B) . By considering the fact that JAM-C had an inhibitory effect on neutrophil apoptosis as shown in Fig. 1B , C, neutrophils interacting with soluble and/or endothelial JAM-C while circulating in the blood or transmigrating into the lungs could prolong their survival by inhibition of apoptosis, which could lead to increased numbers of aged neutrophils in the blood and in inflamed lungs during sepsis. As expected, the aged neutrophil population, characterized by high surface expression of CXCR4, was significantly increased in the blood and lungs after CLP in isotype IgG control-treated group compared to the sham-operated group (Fig. 2C-F) . In contrast, anti-JAM-C Ab significantly decreased the percentages of aged neutrophils in the blood and lungs by 59.3 and 67.3%, respectively, as compared to isotype IgG control-treated group after CLP (Fig. 2C-F) , indicating that the populations of aged neutrophils in the blood and lung tissues were regulated by JAM-C in sepsis.
JAM-C inhibition attenuates tissue injury and systemic inflammation in septic mice
We assessed systemic levels of organ injury markers (ALT, AST, and LDH), inflammatory cytokines (IL-6 and IL-1 ), and chemokine (MIP-2) following treatment with either anti-JAM-C Ab or Isotype IgG (Fig. 3A-C) . By contrast, the treatment with anti-JAM-C Ab significantly reduced the levels of ALT, AST, and LDH by 37, 25, and 58%, respectively, as compared to the IgG control group (Fig. 3A-C) . Similarly, the plasma levels of IL-6, IL-1 , and MIP-2 were significantly increased in IgG control group as compared to the shamoperated group, whereas the treatment with anti-JAM-C Ab significantly decreased the plasma levels of IL-6, IL-1 , and MIP-2 by 50, 68, and 58%, respectively, as compared to the isotype IgG control-treated animals ( Fig. 3D-F) .
Inhibition of JAM-C improves sepsis-induced ALI in mice
To assess whether the attenuation of the aged neutrophil population in the lungs via inhibition of JAM-C can lead to the improvement of the ALI during sepsis, histological examination of lung tissue as well as neutrophil infiltration assays were performed. The lung tissues in the isotype IgG control group showed substantial morphological changes including edema, hemorrhage, alveolar collapse, and inflammatory cell infiltrations as compared with the sham group (Fig. 4A, B) .
On the other hand, the treatment with anti-JAM-C Ab dramatically reduced the microscopic deterioration which revealed a 35% decrease (Fig. 4A, B) .
Anti-JAM-C Ab treatment attenuates neutrophil infiltration in lungs in sepsis
We examined Gr-1 immunostaining, a surface marker of activated neutrophils in the lungs. The number of Gr-1-positive cells in the lung tissues was significantly increased in the isotype IgG control group as compared to the sham-operated mice (Fig. 5A, B) . However, the number of Gr-1 positive cells in the JAM-C Ab treated group was significantly reduced by 71.5% compared to the isotype IgG control-treated mice with sepsis (Fig. 5A, B ).
Treatment with anti-JAM-C Ab improves sepsis-induced lung inflammation in mice
We further assessed the expression of proinflammatory cytokines (IL-6 and IL-1 ) and chemokine MIP-2 at their mRNA and protein levels. Both the mRNA and protein levels of IL-6 in the lung tissues were significantly increased in the isotype IgG control group as compared to sham-operated mice, while the treatment with anti-JAM-C Ab significantly inhibited its mRNA and protein levels by 81 and 61%, respectively, as compared with the isotype IgG control mice (Fig. 6A, D) .
Although we could not find any statistically significant reduction in the expression levels of IL-1 in both mRNA and protein in anti-JAM-C Abtreated animals compared to isotype IgG control-treated septic animals, we noticed 44 and 35% decrease in the levels of IL-1 mRNA and protein, respectively in the lung tissues in anti-JAM-C Ab-treated mice compared to IgG-treated septic mice (Fig. 6B, E) . The expression levels of MIP-2 in both mRNA and protein in the lung tissues were significantly up-regulated in the isotype IgG control-treated animals as compared with the sham-operated mice and they were significantly decreased in anti-JAM-C Ab-treated animals by 92 and 61%, respectively, relative to the isotype IgG control-treated mice (Fig. 6C, F ).
DISCUSSION
In this study, we demonstrated that soluble JAM-C levels in serum were increased in sepsis. Soluble JAM-C promoted neutrophil aging as confirmed by increased surface expression of CXCR4. Posttreatment of mice with anti-JAM-C Ab significantly attenuated systemic inflammation and lung tissue injury and inflammation during sepsis.
Here, we used CXCR4 as one of the key surface markers to detect aged neutrophils during sepsis. Among other surface markers of aging neutrophils only CXCR4 expression was spontaneously up-regulated without any stimulation by incubating isolated neutrophils from human blood in vitro. 29 In our study, murine bone marrow neutrophils also
showed an up-regulation of CXCR4 expression in a time-dependent manner, indicating CXCR4 is a reliable marker for detecting aged neutrophils. Although we found spontaneous up-regulation of surface expression of CXCR4 in aged neutrophils, the surface expression of CD62L another marker of aged neutrophils was not reduced spontaneously while incubating the cells without any stimuli (data not shown).
Since CD62L expression is down-regulated by proteolytic cleavage by ADAM-17 and other shedders, 30, 31 we assume that the decreased levels of CD62L in aged neutrophil population as described previously 15 could be the result of external factors. In this study, we for the first time, showed that JAM-C, an endothelial molecule, which is known to regulate neutrophil transmigration, had an inhibitory effect on neutrophil apoptosis through Mac-1 (CD11b) signaling pathway in vitro. Furthermore, we were able to down-regulate aged neutrophil population in the lungs during sepsis in mice by the blockade of JAM-C using its neutralizing Ab, which might accelerate neutrophil apoptosis. Subsequently, the treatment with anti-JAM-C Ab reduced local inflammation by inhibiting cytokine and chemokine production as well as microscopic tissue injury in lungs during sepsis. Thus, regulating aged neutrophil population at the inflamed tissues could help attenuate sepsis-induced ALI.
We injected mice with anti-JAM-C Ab post CLP to mimic clinical situation. We chose to inject mice with anti-JAM-C Ab or IgG at 4 h after In our study, IL-1 levels in the serum were significantly decreased following treatment with anti-JAM-C Ab, while in the lungs the decrease of IL-1 expression after treatment of septic mice with anti-JAM-C Ab was not statistically significant, the decrease was still profound. This discrepancy could be due to the diverse pattern of the induction of various cytokines in circulation and in tissues with respect to time course change in sepsis. [45] [46] [47] [48] In the present study, we assessed the pro-inflammatory cytokines in serum and in lungs at a single time point, which might lead to omission of the original peak of induction of a specific cytokine or its inhibition by the treatment with anti-JAM-C Ab in sepsis. Future studies including multiple time-points after CLP to generate a kinetic plot for each cytokine following treatment with anti-JAM-C Ab in sepsis will provide valuable information regarding the inhibitory effect of this drug during sepsis.
Endothelial JAM-C is cleaved by metalloproteinases ADAM10, ADAM17, and neutrophil elastases in inflammation and exists in circulation in its soluble form. 23, 49 Since sepsis induces the expression of ADAM10 and ADAM17 proteins, 50 it is therefore reasonable to obtain elevated levels of circulatory JAM-C protein following sepsis. Similar to lung tissues, treatment with anti-JAM-C Ab also decreased circulatory aged neutrophil population, indicating that anti-inflammatory response syndrome (CARS). 42 Hence, investigation of the kinetics of aged neutrophil population will provide additional insights on the pathophysiology of sepsis.
The most authentic evidence of whether ALI has occurred in an animal is provided by histological images, which define neutrophil infiltration into the lungs and measure the integrity of the alveolar capillary barrier showing the lung injury. Similarly, the key pathological features of human ALI/ARDS are a severe neutrophilic alveolitis with deposition of hyaline membrane and formation of microthrombi. 51 In the CLP-induced sepsis model, increased epithelial permeability and PMN accumulation in the interstitium and alveolar spaces are the hallmarks of ALI. In our study, in addition to the assessment of pro-inflammatory cytokines and chemokines in the lung tissues, we performed histological assessments and neutrophil infiltrations in lungs which clearly defined the extent of lung injury and inflammation in sepsis. In the present study, we did not assess the blood gas levels in mice after CLP-induced sepsis which serve as a pivotal marker of ALI. During inflammation, neutrophils are released from the bone marrow into circulation and then migrate toward inflamed tissues to play an important role in host defense against pathogen. 54 However, the excess accumulation and activation of neutrophils can cause severe tissue injury. 54 The apoptosis of neutrophils and their phagocytic engulfment by macrophages are important for the resolution of inflammation to prevent tissue injury. 55 CXCR4 + neutrophils play pro-inflammatory roles and have longer life span. 15, 55 Prolonged neutrophil infiltration in lungs is deleterious, therefore decreasing these neutrophils by anti-JAM-C Ab treatment reflected beneficial outcomes in sepsis. On the other hand, since neutrophils play effector function against invading pathogen, it may be a concern whether or not the reduction of CXCR4 + neutrophils impairs the host response to infection at the early stage of septic infection. In the present study, we delivered anti-JAM-C Ab at 4 h after CLP, by this time the innate immune response might have launched to defend host against pathogen. The above concern can also be resolved by the fact that CXCR4 serves as a pivotal receptor for negatively controlling neutrophil release from bone marrow. 17 It has been
shown that higher level of CXCR4 causes less neutrophil release from bone marrow. 17, 56 Our approach of using anti-JAM-C Ab to decrease the frequencies of pro-inflammatory CXCR4 + neutrophils might help neutrophils to get released from bone marrow, ensuring efficient host defense against infection at the early phase of sepsis. Therefore, treatment with anti-JAM-C Ab not only decreased the pro-inflammatory CXCR4 + phenotype of neutrophils to lessen overall inflammation, but might also promote neutrophil release from bone marrow into the circulation to maintain homeostasis.
In conclusion, we found that the blockade of JAM-C by its neutralizing Ab reduced the contents of aged neutrophil population in both the lung tissue and circulation of septic mice. We also found that the inhibition of JAM-C improved ALI as well as systemic inflammation in septic mice, suggesting that the reduction of the proinflammatory population of aged neutrophils by blocking anti-apoptotic molecule JAM-C could have therapeutic benefits in sepsis. Although there are still questions worth addressing, such as the detailed inflammatory properties of the aged neutrophil population and the difference of neutrophil phenotypes between animals and humans, we believe that further research in the aged neutrophil population merits the struggle in order to elucidate sepsis treatment.
